Abstract ─ Room-temperature transport properties (the zero-field resistivity, ρ 0 , and the GMR) were studied for ED Ni 50 Co 50 /Cu multilayers as a function of the individual layer thicknesses and total multilayer thickness. The Cu deposition potential was optimized in order to obtain the preset layer thicknesses. The surface roughness development was studied by AFM, which revealed an exponential roughening with total thickness. The Cu layer thickness strongly influenced the roughness evolution. As expected, ρ 0 decreased with increasing Cu layer thickness whereas it increased strongly for large total multilayer thicknesses that could be ascribed to the observed deposit roughening. All multilayers with Cu layer thicknesses above about 1.5 nm exhibited a GMR behavior with a maximum GMR of about 5 %. The GMR decreased for total multilayer thicknesses above about 300 nm due to the strong increase of ρ 0 , the latter caused by the enhanced roughness. The GMR data indicated the appearance of a current-at-angle-to-plane type scattering due to the layer undulations. The thickness evolution of the MR data was analyzed in detail after separating the ferromagnetic and superparamagnetic GMR contributions. It could be established that ED Ni-Co/Cu multilayers do not exhibit an oscillatory GMR behavior with spacer thickness.
Introduction
The giant magnetoresistance (GMR) effect in nanoscale ferromagnetic/non-magnetic (FM/NM) metallic multilayers has widespread applications today. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Whereas the GMR effect was originally discovered in Fe/Cr multilayers, 14, 15 practical application could only be realized by using TM/Cu type multilayers where TM stands for a binary alloy among the elements of the iron-group metals (Fe, Co and Ni) or sometimes Co alone. The reason for this is that only some specific TM/Cu multilayers fulfill simultaneously the requirement for a sufficiently large GMR effect and low saturation field (H s ) around room temperature. Namely, the final figure of merit of a GMR sensor is determined by the magnetic field sensitivity measured by the ratio GMR/H s . The GMR effect is the largest for Co/Cu multilayers at the first antiferromagnetic (AF) maximum (about 60 % for a Cu spacer thickness of 0.9 nm) which is associated, however, with a saturation field of about 4 to 5 kOe due to the strong AF exchange coupling between adjacent magnetic layers. [16] [17] [18] On the other hand, although the GMR magnitude is reduced by a factor of two at the second AF maximum (for a Cu spacer thickness of about 2 nm), due to the much weaker exchange coupling here, [16] [17] [18] the sensitivity is already sufficiently large for practical applications. In some magnetically soft binary and ternary alloys containing Fe, Co and/or Ni, one can also find a compromise between GMR magnitude and saturation field provided a sufficiently weak coupling can be achieved by properly choosing the magnetic layer composition and spacer layer thickness. A detailed GMR study of sputtered TM/Cu multilayers by using binary and ternary alloys of Fe, Co and Ni as magnetic layers has been carried out by Miyazaki and coworkers 19, 20 who also mapped out the anisotropic magnetoresistance (AMR) of bulk alloys of the Fe-Co-Ni system. 20 The composition dependence of GMR was investigated in particular for sputtered Ni-Co/Cu multilayers by Kubota et al. 18 and Bian et al. 21, 22 In addition to the physical deposition methods used for the preparation of the above described GMR multilayers, electrodeposition was also demonstrated to be capable of yielding multilayers in the TM/Cu systems with sufficiently large GMR effect. 23, 24 As to the case of electrodeposited (ED) multilayers with soft magnetic layers composed of Ni-Co, Fe-Co, Fe-Ni or Fe-Co-Ni alloys, a lot of efforts have already been devoted to the study of their GMR characteristics, especially in Ni-Co/Cu and Fe-Co-Ni/Cu multilayers. A critical overview of these former works has been given separately for each system in the corresponding sections of a recent review. 24 Some further reports have been published since then on the GMR of ED Ni-Co/Cu (Refs. [25] [26] [27] [28] [29] A common feature of the majority of these works is that the multilayers investigated were prepared either by a galvanostatic/galvanostatic (G/G) or by a potentiostatic/potentiostatic (P/P) pulse combination whereby the potential of the second potentiostatic pulse applied for the deposition of the Cu layers was not optimized. It has been pointed out [39] [40] [41] that under such deposition conditions (i) the layer thicknesses will not be equal to the preset nominal values (in the G/G mode always; for too positive Cu deposition potentials in the G/P and P/P modes) but the magnetic layer thickness will be less and the Cu layer thickness will be larger or (ii)
the Cu layer will be contaminated with the magnetic elements (for too negative Cu deposition potentials in the G/P and P/P modes) which is deleterious for the GMR. If the magnetic layer is strongly dissolved during the Cu deposition pulse, its thickness may reduce to the extent that some isolated regions appear in the magnetic layer which may show superparamagnetic (SPM) behavior and this leads to the appearance of a SPM contribution to the GMR with high saturation field. 42 Therefore, in order to properly control the individual layer thicknesses and to avoid the incorporation of magnetic elements in the Cu layer as well as to suppress the formation of SPM regions in the magnetic layers, the non-magnetic layer should be deposited at an optimized Cu deposition potential which can be established by various methods. 39, 43, 44 In an effort to prepare ED multilayers with soft magnetic layers and regarding the promising sensor application potential of Ni-Co/Cu multilayers from the view-point of GMR, [18] [19] [20] [21] [22] we have carried out an investigation of ED Ni 50 Co 50 /Cu multilayers prepared at a Cu deposition potential optimized as described in Ref. 39 . This enabled us to establish the true dependence of the GMR in this system on the thickness of both constituent layers as well as on the total multilayer thickness. This helps us in establishing whether an oscillatory GMR which is well-demonstrated for physically deposited Ni-Co/Cu multilayers [16] [17] [18] [19] [20] [21] [22] is exhibited also by the ED counterparts on which controversial results have been reported. 24 Since an oscillatory GMR arises due to spin-dependent scattering events between adjacent ferromagnetic layers, the suppression of the formation of SPM regions or at least the separation of their GMR contribution 42 is also required.
In addition, surface roughness measurements have also been performed in order to reveal the evolution of roughness with layer thicknesses and total multilayer thickness as well as the impact of roughness on GMR behavior.
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Experimental details
ED Ni-Co/Cu multilayer preparation and characterization. The purpose of the chromium layer was to assure adhesion and the Cu-layer was used to provide the electrical conductivity of the cathode surface.
The deposition was performed in a tubular cell of 8 mm x 20 mm cross section with an upward facing cathode at the bottom of the cell. 24, 40 Electrodeposition was carried out by a galvanostatic-potentiostatic (G/P) pulse combination. 24, 40 For the deposition of the magnetic layer, galvanostatic (G) mode was used at -35.0 mA/cm 2 current density. At this high current density, less than 1 at.% Cu gets incorporated in the magnetic layer, 47 which does not deteriorate the magnetic and transport properties of the layer. For the Cu-layer, potentiostatic (P) mode was used at -0.585 V vs. the saturated calomel electrode (SCE) according to a previous optimization of the potential. 39 By varying the deposition time in the G mode, the magnetic layer thickness could be set to a predetermined value. For d.c.-plated Ni-Co layers, previous profilometric measurements established 45 that the current efficiency is high enough, namely 96 %, to assume that the actual layer thicknesses are fairly close to the preset values calculated from Faraday's law.
For controlling the thickness of the Cu layer, the charge flowing through the system was measured during the P pulse. Then, from Faraday's law, one can calculate the charge necessary to get the preset layer thickness. The current efficiency for Cu deposition at the optimal potential is usually taken as 100 % since the H 2 evolution is negligible; therefore, we also used this value.
-5 -Due to the optimization of the Cu deposition potential, the previously deposited Ni-Co alloy layer cannot dissolve during the P pulse. It is ensured this way that both the magnetic and non-magnetic layer will have a thickness as preset from the electrodeposition parameters.
It should be noted, furthermore, that our recent XRD and TEM studies indicated that under such controlled multilayer deposition conditions, the actual layer thicknesses were very close to, although slightly above the electrochemically preset values. 35, 48 Several sample series were produced with the common goal of investigating the effect of both individual layer thicknesses and total multilayer thickness on the roughness and electrical transport properties of the samples (see Table 1 ). Series 1 to 4 were designed to investigate the effect of the total multilayer thickness (Σd). The thickness of the magnetic layer was fixed at 2.0 nm. For series 1 and 2, the total thickness of the multilayers were set to 50 and 100 nm, respectively, whereas the Cu layer thickness was varied between 0.8 and 9 nm. For series 3 and 4, the total thickness was set to 300 and 700 nm, respectively, and the Cu layer thicknesses were varied between 0.8 and 6 nm. For series 5, 6, 7 and 8 (where series 7 is identical with series 3, the distinction with the naming is only practical), the total multilayer thickness was fixed to 300 nm and the magnetic layer thickness was set to 1.0, 1.5, 2.0 and 2.5 nm, respectively, while the Cu layer thickness was varied again between 0.8 and 6.0 nm.
The overall multilayer composition was measured with electron probe microanalysis (EPMA) in a JEOL JSM-840 scanning electron microscope.
The root-mean-square surface roughness (R q ) was investigated with atomic force microscopy (AFM). The error of R q is about 0.1 nm. The Si/Cr/Cu substrate showed height fluctuations not larger than 3 nm. 45 (open symbols). This is due to the anomalous codeposition properties of Co with Ni owing to which at the beginning of the layer formation the electrolyte is depleted for Co 2+ -ions. This makes the electrolyte near the sample surface to become more and more rich in Ni 2+ -ions as the magnetic layer gets thicker. Thus, the regions of the deposited alloy at larger distance from the substrate become richer in Ni until a steady state is reached at a certain Ni/Co ratio in the alloy. Because pulse plating is used for preparing the multilayers, after depositing a few nanometers of the magnetic alloy layer, the G pulse ends and during the subsequent Cu deposition pulse (P) which lasts for at least 10 seconds or, sometimes, even longer than one minute, the Co 2+ -ion concentration of the bath at the cathode-electrolyte interface can recover to the bulk concentration of the electrolyte existing far from the sample surface. Therefore, the next layer will grow as a Co-rich alloy One can also see that the Co/Ni ratio in the magnetic layer does not vary noticeably with deposition current density during the G pulse. In order to keep the Cu content in the magnetic layer as low as possible, the higher current density value -35.0 mA/cm 2 was chosen for preparing the ED Ni-Co/Cu multilayers for the present study.
Controlling the magnetic layer composition in ED Ni
Measurement of electrical transport properties. -The room-temperature zero-field electrical resistivity (ρ 0 ) of the ED Ni-Co/Cu multilayers was measured in the as-deposited state of the samples, i.e., while still being on their Si/Cr/Cu substrates and before putting them in a magnetic field.
-7 -
The magnetoresistance (MR) was measured at room temperature as a function of the external magnetic field (H) up to 8 kOe. The MR ratio was defined with the formula
where R 0 is the resistance maximum of the sample in a magnetic field close to zero and R(H) is the resistance in an external magnetic field H.
The magnetoresistance was determined in the field-in-plane/current-in-plane geometry in both the longitudinal (LMR, magnetic field parallel to the current) and the transverse (TMR, field perpendicular to the current) configurations. If one takes the difference between the longitudinal and the transverse component, the anisotropic magnetoresistance can be obtained:
For the sake of clarity of the data, only the isotropically averaged GMR values are plotted in the figures which quantity was determined as
The measured MR(H) curves were decomposed according to a procedure described previously 42 in order to establish the ferromagnetic (GMR FM ) and superparamagnetic (GMR SPM ) contributions to the GMR. The measured resistivity and MR data were always corrected for the shunting effect of the substrate.
Results and discussion
Surface roughness behavior. -For some selected samples of series 1 to 4, the root-mean-square surface roughness (R q ) was determined (see The R q parameter shows an exponential increase with total multilayer thickness as usually found for layers obtained via an atom-by-atom deposition process. 50 This behavior can originate from two sources. The first is the cumulative surface roughening: the peaks at the top of the multilayer are more accessible to the ions in the solution and thus can grow faster than the valleys between them. The other is the misfit between the lattice parameters of the Ni-Co alloy and the Cu metal as a result of which a 3-D growth process tends to emerge.
Once a small grain of the material of the subsequent layer can be deposited on the surface, it is energetically more favorable if the 3D-growth proceeds further instead of the formation of new "islands" of the same material (i.e., nucleation which is always hindered to some extent on the surface of a foreign metal or alloy). These grains occur at several surface sites and, after a certain time, they coalesce to form a continuous layer. By that time, at the connection points, -8 -there can only be a single atomic layer of the material deposited whereas at the point where the nucleation started, a high peak could already grow. The blocked nucleation and, thus, rather an island-like growth with coalescence is especially prone in the case of Cu layer growth on top of a Co layer as was concluded for both evaporated 51 and electrodeposited 52 Co/Cu multilayers.
The continuous multilayer roughening with increasing total multilayer thickness can be better assessed if samples are compared with different total thicknesses but with the same magnetic and non-magnetic layer thicknesses. If the topography of their surfaces is measured and the average height is set to the nominal thickness of the multilayer, the multilayer surface evolution along the thickness can be visualized as shown in Fig. 3 . If we compare Figs. 3a and 3c, it can be seen that the 700-nm total thickness profile for a multilayer with 0.8-nm thick Cu layer is practically the same as that of the 300-nm total thickness profile of the multilayer having 6.0 nm Cu layer thickness. This clearly shows the roughening of the total multilayer due to the Cu layer thickness; however, this roughening effect cannot be recognized until a certain total multilayer thickness is achieved.
These surface roughness profiles show clearly that the nucleation is very uneven, high peaks and valleys develop as the total multilayer thickness increases.
For the series with 300 nm total thickness and with different magnetic and Cu layer thicknesses, R q showed a shallow maximum at about d NiCo = 1.5 nm as a function of the magnetic layer thickness (Fig. 4) . Since the Ni-Co alloy layer starts to grow in the form of separated islands, until these islands are not connected, the roughness of the layer increases.
When they coalesce and start to form a continuous layer, the roughness starts to decrease until it reaches its minimal value. This effect leads to the observed variation of the R q parameter:
d NiCo = 1.5 nm is the nominal layer thickness at which the separate islands start to coalesce with each other. Growing thicker magnetic layers results in the observed decrease of the roughness.
Zero-field electrical resistivity. - Figure 5a shows the zero-field resistivity (ρ 0 ) data for the multilayers in series 1 to 4. The two horizontal lines show the ρ 0 values of the bulk Ni 50 Co 50 alloy and bulk Cu. The thick decreasing curve shows the values given by the parallel resistance model, 53, 54 by assuming that the individual layers are perfectly smooth and thus the total resistance could be calculated from their bulk resistivity and thickness as a parallel resistor system. For most of the multilayer samples, the experimental data are larger than the -9 -model values indicating the importance of interface scattering 53, 54 due to the fact that the individual layer thicknesses are comparable to or even smaller than the electron mean free path in the bulk Ni-Co alloy and the Cu metal.
Since the total thickness is the same for all samples in a given series, with the increase of the Cu layer thickness, there are more Cu and less Ni-Co alloy in the multilayer, which results in the observed decrease of the resistivity of the multilayers for all total multilayer thicknesses. For large Cu layer thicknesses, the zero-field resistivity data approach, at least for the smallest total multilayer thickness, the bulk value of Cu.
Due to the nanoscale thickness of the constituent layers, most of the electron scattering occurs at the interfaces of neighboring layers and thus the more the interfaces in the multilayer, the higher the overall resistance. This effect has to be taken into account as the thickness of the Cu layer is varied while the total multilayer thickness is held constant. In this case, the resistivity decreases with decreasing d Cu not only because the relative amount of the smaller-resistivity multilayer component (Cu) increases in comparison with the higherresistivity Ni-Co alloy component but also because the number of interfaces is reduced with increasing Cu layer thickness.
Furthermore, because the layers are not perfectly planar but become rougher and rougher as the total multilayer thickness increases, the probability of the occurrence of interface scattering events in the applied current-in-plane geometry also increases; this corresponds actually to the situation what is called a current-at-angle-to-plane (CAP) geometry. 55 This is the basic explanation for the increase of ρ 0 with total multilayer thickness. Another contributing factor can be that the upper part of a very rough multilayer does not take part in the electrical conductance, and the effective sample thickness ranges only until the sample can be taken as compact.
If the multilayer is thick enough (such as, e.g., the case is for 700 nm), the increment of the resistivity can be so high that the overall resistivity is higher than either of the bulk resistivity of the materials in the layers. Furthermore, as the Cu-layer thickness is increased within each series, the surface of the samples became rougher and rougher, which could be observed even by naked eye. This effect combined with the roughening as the total thickness increases ends up in a very sharp increase of the resistivity for series 3 and 4 (d = 300 nm and 700 nm, respectively) beyond d Cu = 5 nm (Fig. 5a ). For clarity, the trend of the evolution of the data is only indicated for the series with 700 nm total thickness by the dashed line for d Cu > 5 nm.
-10 -As be seen from Fig. 5b , the thickness of the magnetic layer has no significant effect on the resistivity. Only the high zero-field resistivity for the samples with the thinnest nonmagnetic layers should be mentioned: the resistivity values lie much higher than the bulk values of the layer constituents. This is due to the microstructure of the sample: the amount of materials deposited in the subsequent pulses (both G and P) are so small that they cannot form percolating layers but remain in separate islands (see Fig. 8 For all other samples (d Cu > 0.8 nm), a clear GMR behavior could be observed (both the LMR and TMR components were negative). The measured MR(H) curves were analyzed according to the usual procedure 42 and this way the ferromagnetic (GMR FM ) and superparamagnetic (GMR SPM ) contributions as well as the total saturation GMR (GMR s ) were determined. The isotropically averaged GMR values will only be presented which were determined from the measured LMR and TMR data as described in the experimental section. Figure 6 shows the GMR FM data for series 1 to 4 as a function of the Cu layer thickness for various total multilayer thicknesses. For each series, the GMR increases monotonically up to 5-6 nm Cu layer thickness where it reaches a maximum and then slightly reduces. The reduction of GMR for large spacer layer thicknesses may partly come from a simple dilution effect. Namely, with increasing d Cu the bilayer repeat will be larger. In this manner, the number of FM/NM interfaces per unit thickness which are responsible for the spin-dependent scattering processes yielding the GMR effect is reduced.
-11 -It can also be inferred from Fig. 6 that the GMR FM component increases with total multilayer thickness from 50 nm to 300 nm and then drops for 700 nm. In order to explain the observed evolution of the GMR with total multilayer thickness, the variation of the zero-field resistivity ρ 0 and of the field-induced change of the electrical resistivity ρ H  has to be considered separately. The MR definition given in the experimental section as MR(H) = [R(H)
In the following, ρ H will refer to the value calculated from the GMR FM data by using these relations.
The evolution of ρ 0 with d Cu and total multilayer thickness was given in Fig. 5a for multilayers in series 1 to 4 whereas the ρ H data for the same samples are presented in Fig. 7 .
In agreement with the nearly same roughness for 50 nm and 100 nm total thickness (Fig. 2) , their ρ 0 values are also very similar (Fig. 5a) . Thus, the definitely higher ρ H values for 100 nm (Fig. 7 ) result in the clearly larger GMR values (Fig. 6 ). Although the roughening is more pronounced for 300 nm total thickness and there is also a substantial increase in ρ 0 as well, the much larger ρ H values (Fig. 7 ) still lead to a significant further increase of the GMR (Fig. 6 ). On the other hand, the drastic roughening for 700 nm total thickness leads to a very large zero-field resistivity (Fig. 5a ) and even if ρ H further increases for 700 nm total thickness (Fig. 7) , the large ρ o values suppresses the resulting GMR (Fig. 6 ).
Since each series can be taken as a slice from the bottom of the thicker series, if the multilayers were homogenous along their whole thickness, Δρ H would be identical for all series. We should point out, on the other hand, that the continuous increase of ρ H with total multilayer thickness can be definitely related with the cumulative roughening. Namely, increasing roughening implies an enhanced undulation of the layer planes which, due to the applied current-in-plane geometry for measuring the magnetoresistance, enhances the probability of interface scattering (actually, many of the scattering events will be of the CAP type).
The GMR FM data for series 5 to 8 can be seen in Fig. 8 . For all series, the GMR FM term saturates at around 4 nm Cu layer thickness whereas it hardly changes with d NiCo except that perhaps the GMR is somewhat smaller for the series with the thickest magnetic layer which can again be considered as resulting from a dilution effect. The data match fairly well the corresponding results shown in Fig. 6 .
Apart from some scattered data at d Cu = 3.4 nm, Fig. 9 shows that ρ H reduces slightly with increasing magnetic layer thickness and this is again due to a dilution effect. The shallow -12 -maximum for intermediate Cu layer thicknesses is the result of a competition between improved GMR with increasing spacer thickness and GMR reduction with increasing bilayer repeat length.
By decomposing the superparamagnetic contribution to the GMR, we could determine the ratio of the SPM contribution to the total measured GMR and the results are shown in Figs. 10 and 11. It can clearly be seen that, for thin Cu layer thicknesses, half of the observed, otherwise fairly small total GMR (Fig. 6 ) comes from consecutive electron scattering events along paths connecting an SPM and a FM region whichever is the first. 24, 42 When the total GMR reaches a sizeable value (around 5 nm spacer layer thickness, cf. Fig. 6 ), then the relative importance of the SPM contribution strongly decreases and the observed GMR will be predominantly contributed by the FM-spacer-FM scattering events (Fig. 10 ).
An inspection of Fig. 11 reveals that in the investigated range of magnetic layer thicknesses (1.0 to 2.5 nm), the GMR SPM /GMR s ratio does not change appreciably with magnetic layer thickness. This implies that even for the multilayers with 1 nm Ni 50 Co 50 layer thickness, the magnetic layer is mostly ferromagnetic, i.e., mainly consists of percolating Ni 50 Co 50 regions. Though a contribution of the SPM regions to the total measured GMR is present but apparently it is the same for all magnetic layer thicknesses. The formation mechanism of SPM regions during growth is probably the scheme suggested by Ishiji and Hashizume. 58 In this scheme, the probability of the formation of SPM regions scales with surface roughness. The present data as well our previous results 29 on another set of ED Ni-Co/Cu multilayers comply with this formation mechanism. in the magnetic layer) also varied from study to study if it was specified at all.
Comparison of GMR data with previous results for
Irrespective of all these uncertainties, qualitatively very similar results to our data (see 52 where it was found that when the thickness of both the magnetic and non-magnetic layers is below a certain threshold, the deposit appears as a granular material with many SPM and some FM regions embedded in the Cu matrix. Due to the granular nature of the deposit, there are numerous electron pathways between neighboring magnetic regions through the spacer and this enhances the observed GMR with respect to a regular, well-defined FM/NM layered structure. We believe that the same explanation applies also for the occurrence of an apparently large GMR maximum at d Cu = 0.7 nm in ED Ni-Co/Cu multilayers deposited on Cu(100) and Cu (111) 61, 62 led to a different microstructure at low Cu layer thicknesses whereas for larger Cu layer thicknesses, a behavior as observed also in the present paper was obtained.
As to the work by Kainuma et al., 65 important details of the preparation conditions are missing from their paper; nevertheless, they reported 5 to 10 % GMR values for Cu layer thicknesses between 5 and 10 nm. However, in lack of presented MR(H) curves, we cannot assess the importance of the GMR SPM term. The reported GMR oscillations cannot be considered as real (especially because their positions do not correspond to the expected ones)
but the overall evolution of the GMR is qualitatively similar to our data in Figs. 6 and 8.
Finally, we mention the work of Dulal and Charles 70 who reported GMR values between 0.5 and 1 % for d Cu ranging from 2 to 10 nm. They applied a citrate type bath at pH 6 and these conditions can explain the typical non-saturating MR(H) curves with dominant GMR SPM term and small GMR values as reported also for ED Ni-Cu/Cu multilayers. 71 Therefore, the evolution of the GMR with d Cu cannot be considered as relevant for the presence of any GMR oscillation.
Summary
In the present work, the surface roughness and the room-temperature electrical transport properties (zero-field resistivity and magnetoresistance) were investigated for ED Ni 50 Co 50 /Cu multilayers. For this purpose, multilayer series with 50, 100, 300 and 700 nm total thicknesses and with 1.0, 1.5, 2.0, and 2.5 nm magnetic layer thicknesses were prepared for various Cu layer thicknesses from 0.8 nm to 9 nm by electrodeposition on Si wafers with evaporated Cr and Cu underlayers.
A roughening effect with the increase of both the total multilayer thickness and the Cu layer thickness was found. A continuous magnetic layer formation could be assessed for Co layer thicknesses as high as at least 1.5 nm.
The room-temperature zero-field resistivity was found (i) to decrease with Cu layer thickness for fixed magnetic layer thicknesses and (ii) to increase as the total multilayer thickness increased. If the total multilayer thickness was held constant and the magnetic layer thickness was varied, a continuous decrease was found with increasing the Cu layer thickness whereas the magnetic layer thickness showed no influence on the resistivity.
The GMR was found to show (i) a maximum at d Cu = 5 nm if the magnetic layer thickness was held constant and (ii) an increase until a certain total multilayer thickness was reached.
By properly decomposing the GMR into FM and SPM contributions, it could be concluded that the GMR FM contribution does not exhibit an oscillatory GMR in ED Ni-Co/Cu multilayers. Table 1 . Sample properties (magnetic and non-magnetic layer thickness, total thickness) for all numbered sample series. Series 3 and 7 are identical but they are referred to here with different numbers in the two sets of samples for the sake of convenience.
-21 - From the bottom to the top in each of the panels, the total nominal multilayer thicknesses (Σd) are 50 nm (red), 100 nm (green), 300 nm (blue), 700 nm (purple). The average of the height fluctuation profiles was set to the total value of Σd. The surface of the 700 nm thick multilayer in (c) appeared so rough that it could not be measured with AFM. For Σd = 50 and 100 nm, the R q values are practically the same for all three Cu layer thicknesses. For Σd = 300 and 700 nm, the surface roughness is much larger and increases strongly with both Cu layer thickness and total multilayer thickness (cf. Fig. 3a ).
-23 - Fig. 7 Evolution of the isotropic saturation resistivity change due to magnetic field with Cu layer thickness for series 1 to 4 with various total multilayer thicknesses as indicated in the legend. The magnetic layer thickness was fixed at 2.0 nm.
-26 - Fig . 9 Evolution of the isotropic saturation resistivity change due to magnetic field with Cu layer thickness for series 5 to 8 with various magnetic layer thicknesses as indicated in the legend. The total multilayer thickness was fixed at 300 nm.
-27 - Evolution of the ratio of the GMR SPM contribution to the total saturation GMR (GMR s ) with Cu layer thickness for series 1 to 4 with various total multilayer thicknesses as indicated in the legend. The magnetic layer thickness was fixed at 2.0 nm. Fig. 11 Evolution of the ratio of the GMR SPM contribution to the total GMR with Cu layer thickness for series 5 to 8 with various magnetic layer thicknesses as indicated in the legend. The total multilayer thickness was fixed at 300 nm.
